The bvg locus of Bordetella pertussis is required for coordinate regulation of several factors associated with virulence. The control system is modulated by various environmental signals, including low temperature, MgSO4, and nicotinic acid. The nucleotide sequence of the bvg region has been determined and three open reading frames, bvgA, bvgB, and bvgC, are present. Twelve-base-pair linker insertion mutations in any of these open reading frames result in a Bvgphenotype. The predicted protein products of bvgA and bvgC share homology with a family of prokaryotic regulatory proteins that respond to environmental stimuli and are members of two-component sensory transduction systems. We propose a model in which BvgB and the N-terminal portion of BvgC are localized in the periplasm. Environmental signals are recognized, transduced to the cytoplasmic portion of BvgC, and then transmitted to BvgA, a positive regulator of transcription.
The host-microbe interaction that occurs during infection and disease is a dynamic process in which the infecting organism encounters a variety of external conditions. A need for efficient adaptation to changing environments has resulted in the evolution of specialized systems that control the expression of bacterial virulence (1) .
Bordetella pertussis is a human pathogen that causes whooping cough. This organism produces a number of factors that appear to be involved in pathogenesis (2) . Filamentous hemagglutinin (3) and pili (4) probably play a role in adherence of the bacteria to ciliated epithelial cells in the upper respiratory tract. Other products, such as tracheal cytotoxin (5) , dermonecrotic toxin (6) , hemolysin (6, 7) , adenylate cyclase toxin (8) , and pertussis toxin (7, 9) , may be involved in local damage, evasion of host defenses, and systemic disease. With the exception oftracheal cytotoxin, expression of these virulence factors is coordinately regulated and requires the products of the bvg (flordetella yvirulence gene) locus, which was initially designated vir (10) (11) (12) . Positive control of the pertussis toxin operon by bvg has been shown to occur at the level of transcription (13) .
Inactivation of the bvg locus by transposon mutagenesis results in a loss of virulence (7) . Alternative virulence states of B. pertussis also occur by two mechanisms, phase variation and phenotypic modulation. Phase variation (11) is due to a low-frequency reversible alteration in the bvg locus that, for the Tohama III strain, has recently been shown to involve a frameshift mutation in bvg (14) . In contrast, phenotypic modulation is a reversible response to environmental conditions. Growth at low temperature (280C vs. 370C), or in the presence of MgSO4 or nicotinic acid, results in a lack of expression of bvg-regulated genes and an avirulent phenotype (15, 16) .
In this paper we report the complete nucleotide sequence of the B. pertussis bvg region. The predicted products of two bvg loci are homologous to a family of regulatory proteins that transmit sensory signals using a conserved twocomponent motif (1, 17) . A model for the role of the bvg products in sensory transduction and gene regulation is also presented.
MATERIALS AND METHODS
Bacterial Strains. B. pertussis strains BP165 (Bvg'; ref. 9) , BP536 (Bvg'; ref. 10) , and the TnS insertion derivatives BP347 (virl::TnS; ref. 10 ) and BP359 (vir2::TnS; ref. 11) have been described. BP370 is a virulent phase derivative ofBP326 (11) . Escherichia coli strain SmlO (18) was used for IncPmediated conjugative transfer from E. coli to B. pertussis as described below.
Chloramphenicol Acetyltransferase (CAT) Fusions. A promoterless CAT gene (19) was isolated as a BamHI fragment and inserted into the Bgl II site of bvgC in both orientations. CAT fusions were returned to the chromosome of BP370 by homologous recombination (20) . The orientation of the fusions within the B. pertussis chromosome was confirmed by Southern analysis. The resulting CAT fusion strains CF1470 and CF1770 carry the CAT gene in the orientations shown in Fig. 1 . CAT assays were performed as described (9) .
Nucleotide Sequence Determination. The nucleotide sequence of the 5995-base-pair (bp) EcoRI-Xho I fragment shown in Fig. 1 was determined by the standard dideoxy chain-termination method (21) . The sequence of both strands was obtained by using synthetic oligonucleotide primers.
Linker Insertion Mutagenesis. Twelve-base-pair linker insertions were introduced into the bvg region at the locations shown in Fig. 1 . Insertions at Sal I, Pst I, or Mlu I sites consisted of the sequence 5'-GACCTGCAGGTC-3', 5'-GCTCGAGCTGCA-3', or 5'-CGCGTCTCGAGA-3', respectively. Mutations were constructed in E. coli and transferred to B. pertussis by shuttle mutagenesis (20 ITo whom reprint requests should be addressed.
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RESULTS
B. pertussis bvg Locus. The bvg locus was initially identified by transposon TnS insertions in the chromosomes of B. pertussis strains BP347 and BP359 (10, 11) . The bvg locus has been cloned (12) and a restriction map is shown in Fig. 1 Fig. 1 . In B. pertussis (10, 11) and E. coli (12) , Bvg-TnS insertions map within this region. In addition, this fragment is sufficient for transcriptional activation ofanflJaB-lacZYA operon fusion in E. coli in a manner that responds to environmental signals that modulate virulence expression by B. pertussis (J.F.M., C.R., and S.F., unpublished data).
We have determined the complete nucleotide sequence of the 5995-bp EcoRI-Xho I fragment containing the bvg locus and have deposited this sequence in the EMBL/GenBank data base (accession no. M25401). The overall G+C content of the sequence is 65%, a value similar to that of other B.
pertussis sequences (4, 8, 23) . As summarized in Fig. 1 
23,000, 30,000, and 102,000, respectively. Characteristic features of a prokaryotic signal peptide are found at the N terminus of BvgB. Two basic amino acids at positions 6 and 10 are followed by 23 uncharged, predominantly hydrophobic residues. This pattern is similar to that present at the N termini of the E. coli Tsr, Tar, and Tap chemoreceptors (24) . BvgC contains two hydrophobic segments. The first, which may also have a role in export, contains a lysine residue at position 8 followed by a relatively short 13-amino acid hydrophobic core. In addition, a sequence of 22 hydrophobic residues beginning at position 240 is predicted to form a transmembrane helix [transfer free energy -+44 kcal/mol (1 kcal = 4.18 kJ); ref . 25] and is followed by a highly basic stretch of 9 amino acids. This putative transmembrane region is similar to those found in several bacterial proteins that span the inner membrane, such as the Agrobacterium VirA protein (26) and the M13 procoat protein (27) . Although sequences upstream of bvgA are unusually rich in A+T content, putative bacterial promoters (28) could not be found. In addition, structures resembling constitutive terminators (Rho independent; ref. 29) do. not appear to be present. Sequences downstream of bvgC show a low coding probability in the left to right orientation. The probability of coding in this region is high in the opposite strand; however, no obvious ORFs have been identified. We have determined the sites of transposon TnS insertion in the Bvg-B. pertussis mutants BP347 and BP359 in relation to the bvg ORFs and found that these insertions map in bvgC and bvgA, respectively ( Fig. 1 ).
BvgA and BvgC Belong to a Family of Regulatory Proteins Involved in Signal Transduction. The predicted amino acid sequences of BvgA, BvgB, and BvgC were compared to sequence entries in the National Biomedical Research Foundation database, and to sequences translated from the GenBank database. Localized regions of homology were found between BvgA, BvgC, and members of a family of bacterial proteins that mediate signal transduction using a conserved "two-component" motif ( Fig. 1; refs. 17 and 30) . In these systems a "sensor" protein directly or indirectly perceives sensory stimuli and transmits a signal to a "regulator" protein that functions to control transcription or some other cellular function. Sensor proteins share a homologous Cterminal domain of =250 amino acids that has been termed the "transmitter," and regulator proteins typically share an N-terminal region ofabout 115 residues, which comprises the "receiver" (30 (26) . BvgA and BvgC also contain receiver domains (Fig. 3) . These are located at the N terminus of BvgA (residues 1-115) and, surprisingly, at the C terminus of BvgC (residues 672-789). The homology between BvgA, FixJ (32), and UhpA (40) extends over the entire length of these proteins, whereas most other similarities are confined to N-terminal sequences. FixJ is a transcriptional activator that acts in conjunction with FixL (see above), and UhpA positively regulates expression of the sugar-phosphate transporter gene uhpT in E. coli (40) . Many proteins that contain receiver modules are transcriptional activators that fall into different categories according to their C-terminal sequences (17) . BvgA appears to belong to a group that previously has been shown to contain FixJ and UhpA (32) . A measure of the significance of this relationship was obtained by using the RDF program of Lipman and Pearson (41) . When BvgA was compared with randomly permuted versions of the FixJ or UhpA sequences, the optimized alignments scored 14.7 (FixJ) and 16.5 (UhpA) standard deviations above the mean for 20 randomized comProc. Natl. Acad (32, 40) , we find no such evidence of this motif in BvgA, FixJ, or UhpA using the refined method for identification of helix-turn-helix sequences recently described by Brennan and Matthews (42) .
BvgA, BvgB, and BvgC Are Required for the Expression of Virulence Factors. Previous identification of the bvg locus in B. pertussis has relied on transposon TnS insertions that are capable of causing polar effects on distal transcription (10, 11) . To determine if each of the three bvg ORFs is required for expression of virulence factors, 12-bp linker insertion mutations were introduced into the Sal I, Pst I, and Mlu I sites shown in Fig. 1 . Since these mutations result in an in-frame insertion of 4 amino acids, polar effects would not be generated. Insertions at the Mlu I site in bvgA, the Sal I site in bvgB, and several Pst I and Sal I sites in bvgC cause a Bvg-phenotype as shown by the loss of hemolytic activity. Mutations at the Mlu I site preceding bvgA, or the Sal I and Pst I sites located downstream from bvgC, had no effect on hemolytic activity. These results indicate that bvgA, bvgB, and bvgC are required for expression of virulence factors by B. pertussis. DISCUSSION The bvg regulon of B. pertussis includes several unlinked genes and operons that encode virulence factors. Expression of these loci, and their response to environmental signals, require the products of the bvg locus in trans (1, 10, 12, 43 ). An additional set of genes that are repressed by bvg and (44) (45) (46) (47) . In relation to this "two-component motif," the bvg locus is interesting in several respects. Three components, one of which (BvgB) does not contain a transmitter or receiver domain, are needed for regulation. Three linked loci (uhpABC) are also responsible for exogenous induction of sugar-phosphate transport in E. coli (48) , and the products of these genes share functional similarities with the proposed Bvg proteins. Another unusual aspect of the B. pertussis system is the presence of a transmitter and a receiver domain in the same polypeptide sequence (see below).
A model describing the proposed cellular locations, functions, and interactions of the bvg products is shown in Fig. 4 . It is suggested that BvgB and the N-terminal domain of BvgC (residues 1-240) are localized in the periplasm. Residues 60-276 of BvgB share striking similarities with the periplasmic region of BvgC, indicating that these proteins may interact with a common factor, or with each other. According . 0 7 BvgB to our model, the transmembrane signal in BvgC (residues 240-261) anchors this protein in the cytoplasmic membrane, and the C-terminal transmitter and receiver modules are located in the cytoplasm along with BvgA.
Several properties of the bvgA sequence suggest that it encodes a transcriptional activator. The presence of a receiver domain and extensive homology with FixJ and UhpA support this contention. We have recently observed that the jhaB promoter is activated in E. coli by hyperexpression of BvgA alone (C.R., J.F.M., and S.F., unpublished data), although both BvgB and BvgC are normally required for BvgA activity in both E. coli and B. pertussis.
In the absence of modulating signals, we propose that BvgC activates BvgA. It is likely that this activation results from phosphorylation of BvgA by a mechanism involving the transmitter domain of BvgC. BvgB could exert its effect by directly interacting with BvgC, or by inactivating an unidentified inhibitor of BvgC. Although the modulating effect of temperature could act at any level, the inhibitory effects of signals like MgSO4 or nicotinic acid may occur in the periplasm through an interaction with BvgB and/or BvgC.
The role ofthe additional receiver module at the C terminus of BvgC is unknown; however, it may be involved in modulating the proposed kinase activity of the transmitter domain. The frameshift mutation described above, which results in a Bvg-phenotype, lies 10 residues downstream from this receiver (14) . Deletion of sequences that encode the final 26 amino acids of BvgC also disrupts bvg activity (J.F.M., C.R., and S.F., unpublished data). A role for the C terminus of BvgC in DNA binding can also not be ruled out.
